Many pituitary hormones possess partial or complete immunological species specificity. Earlier reports suggested that thyrotropin (TSH) did not have such specificity since the biological activity of human pituitary or plasma TSH could be neutralized by antisera to bovine TSH in doses similar to that which blocked the biological activity of bovine TSH (2, 3) . However, recent studies have shown that much smaller doses of antisera to bovine or human TSH were able to neutralize the biological activity of homologous TSH preparations than the activity of the other hormone (4, 5) . Furthermore, in studies using both human and bovine TSH and antisera to each, Arquilla, Catz, and Finn (6) found no immunological crossreactivity in vitro using hemagglutination and hemagglutination-inhibition techniques. More recently data were presented that antisera to highly purified human and bovine TSH reacted in vitro and, in separate experiments, blocked the biological effect in vivo only of the homologous antigen (7).
Thus, considerable immunological species specificity of TSH now seems well established.
Previous attempts to measure endogenous plasma TSH in man by immunoassay utilizing the hemagglutination-inhibition technique were unsuccessful due to the presence of nonspecific inhibitory substances in plasma and to the use of anti-bovine TSH sera (8, 9) . A radioimmuno-precipitation technique for human TSH assay was described by Utiger, Odell, and Condliffe (7) . This procedure, in which free human TSH-I18' and that bound to rabbit antihuman TSH were separated by precipitation of the antibody-bound TSH-Il31 by antirabbit y-globulin serum, proved useful in demonstrating the species and hormonal immunological specificity of antihuman TSH serum. However, the presence of nonspecific inhibitory factors made it unsuitable for assay of plasma TSH. These plasma effects were reduced but not eliminated by use (10) of the conditions employed by Schalch and Parker ( 11 ) , which have eliminated the nonspecific effects of plasma in the double antibody method for the immunoassay of human growth hormone. In a preliminary report, Odell, Wilber, and Paul (12) have described a radioimmunoassay for plasma TSH utilizing an ethanol-saline precipitation technique to separate free and antibody-bound TSH-I31.
The following communication describes the development of a sensitive TSH radioimmunoassay employing chromatoelectrophoretic separation of free and antibody-bound TSH-IF51. This technique permits the measurement of TSH in unextracted plasma. Results of plasma TSH assays in patients with various thyroid disorders and studies of plasma TSH concentration following several physiological stimuli and treatment with various thyroid hormones are reported herein.
Methods
Human thyrotropin (HTSH) and anti-HTSH serum preparations. The HTSH (preparation PC16-140B3) used in these studies was prepared (13, 14) ) and kindly donated.' The biological activity of this material after purification was 20 IU per mg as measured in the chick thyroidal-I' depletion assay of Bates and Cornfield (15) using U.S.P. thyrotropin reference standard (bovine) as bioassay standard (1 U.S.P. U = 1 IU). It has since declined to 10 IU per mg during storage in the 1 By Dr. Peter Condliffe, National Institute of Arthritis and Metabolic Diseases. 1277 dry state. Stock solutions (50 lsg per ml) for immunoassay standards were prepared in 0.25% bovine serutn albumin (BSA) in 0.01 M phosphate-0.15 M NaCl, pH 7.5, and kept at -200 C. Under these conditions this HTSH preparation was immunologically stable for at least 18 months since it has consistently produced inhibition of the HTSH-I'-anti-HTSH reaction to the same degree as when originally prepared. Furthermore, no change in the amount required to produce a single precipitin band in agar plates with anti-HTSH sera was observed. Purified bovine TSH (20 IU per mg) 1 and less purified bovine (3.5 IU per mg) and ovine (3.8 IU per mg) TSH preparations 2 were also donated.
The preparation and specificity of the anti-HTSH sera have previously been described (7), and those sera were used in these studies.
HTSH-IP. The I"l-labeled HTSH preparation procedure, based on the method of Hunter and Greenwood (16) , was reported previously (7) . Routinely, 5 /ig HTSH and 5 mc I' were used. Attempts to use less HTSH in order to obtain higher specific activity HTSH-IP preparations have generally yielded moderately damaged and poorly immunoreactive preparations.
Since different I"' shipments 3 have had a pH of 7 to 11, careful control of the pH of the iodination mixture (to pH 7.5 to 8.0) has proved helpful in obtaining reproducibly highly labeled and immunoreactive HTSH-I1 preparations. The HTSH-I"l preparations used in this study had estimated specific activities of 40 to 150 mc per mg and were 75 to 90% reactive with anti-HTSH under the conditions described below. From 7 to 15% of the HTSH-I' migrated in the separation system in the absence of antibody. This fraction presumably represented damaged HTSH-I' nonspecifically bound to plasma proteins.
Method of immunoassay. The immunoassay depended on the ability of unlabeled HTSH or endogenous plasma HTSH to inhibit competitively the reaction of HTSH-I' with antibody. The amount of hormone in unknown solution was found by comparison with known quantities of purified HTSH. Separation of free HTSH-IP from antibody-bound HTSH-Im was accomplished by the chromatoelectrophoretic method first described by Yalow and Berson (17) for the immunoassay of insulin. HTSH-Im, as other protein hormones, was found to adsorb to paper at the site of application, whereas HTSH-I' bound to antibody migrated anodally with the serum proteins under the proper conditions.
In the assay, 50 ul HTSH-I', 100 IAI unlabeled HTSH or diluted plasma (at least 2 dilutions of 1: 2 and 1: 4 or greater), and 50 /ud anti-HTSH serum (in a dilution such that 45 to 65%o of HTSH-I'" present was bound in the absence of added HTSH) were mixed together and reacted for 2 to 3 days at 50 C. All reagent dilutions were prepared in 0.25% BSA-0.05 M barbital, pH 8.6. With some plasma samples, an increase in the 2 Gift of the Endocrinology Study Section, National Institutes of Health. 3 Union Carbide Nuclear Co., Oak Ridge, Tenn.
amount of radioactivity migrating in the absence of antibody was noted. Consequently, control tubes containing each plasma sample and HTSH-IP without antibody were routinely run and a correction introduced for the amount of radioactivity migrating in the absence of antibody. Free and antibody-bound HTSH-I"1 were separated by chromatoelectrophoresis on 2.5-X 23-cm strips of Whatman DE81 DEAE cellulose paper (0.1 M barbital, pH 8.6, constant current 6.25 ma per strip, 50 to 70 minutes, room temperature) with a hydrostatic gradient of 13 cm. The protein band, containing the antibody-bound HTSH-I1.., moved 6 to 8 cm under these conditions. To prevent adsorption of antibody-bound radioactivity to the paper, 25 to 50 1AI of normal human serum was applied to each strip before application of the assay mixture. After drying, the strips were cut into bound and free segments (usually 3 to 4 cm on the anodal side of the origin), based on prior experience with strip scanning or cutting of strips into multiple small segments, and counted in a well scintillation counter. To calculate the percentage of free HTSH-I"', the procedure described by Parker, Mariz, and Daughaday (18) was employed to correct for the radioactivity that migrated in the absence of antibody. The percentage of radioactivity bound to antibody was then calculated.
Plasma samples. Specimens were stored at -100 C.
Under these conditions no deterioration of activity occurred in up to 12 months. Similar results were obtained with plasma and serum samples. When physiologic changes in plasma HTSH in a single subject were studied, assays were performed in the same run. Less sensitive assays were obtained with lower specific activity HTSH-I'31 preparations. Standard errors of the mean of these points ranged from 0.1 to 2.6%.
Results

Effects
As in the double antibody system previously reported (7), either partially or highly purified bovine TSH did not reduce the percentage of HTSH- Plasma samples cont dogenous TSH and the dilutions also produced lel to that of the standard ( Figure 2 ). In contrast, the lack of effect of plasma from a hypopituitary patient in reducing the percentage of HTSH-Il-1 bound is also shown. Plasma or serum from beef, sheep, rabbits, rats, and a TSHtumor bearing mouse did not inhibit the binding of HTSH-I31 to anti-HTSH.
Recovery and removal of HTSH. HTSH added to plasma in zitro was detected by the assay almost quantitatively. The results of two such experiments are shown in Table I . Over 85%o of the immunologically detectable HTSH of hypothyroid plasma was removed by absorption with anti- Gel filtration of HTSH-rich plasma on Sephadex G-200 columns, as described by Flodin and added in microgram doses. Killander (19) , separated the plasma proteins into imilarly. Saline extracts of three major components (Figure 4 ). Endogenous produced a dose response or exogenous HTSH was recovered after such ear portion of that obtained fractionation in the albumin peak or, in larger amount, from the effluent slightly more retarded :aining large amounts of en-than albumin. HTSH recovery from such col-!refore assayable in multiple I a dose response line paral-PLASMA DILUTION 1-32 Hypo-Hypo-Thyroidism Therapy thyroidism thyroidism (51) In the remaining 9 patients, plasma HTSH was within the normal range. In 20 patients studied while receiving 120 mg or more of desiccated thyroid daily or its equivalent, plasma HTSH concentrations were within the normal range or undetectable. In the few patients with moderate or severe exophthalmos, no consistent alterations in plasma HTSH were found, and the results are therefore included in the appropriate groups shown in Figure 5 .
A number of these samples have been repeatedly assayed, and some of these results are shown in Diurnal variation in plasma HTSH. Several plasma samples from within a single 24-hour period from seven normal and five hypothyroid subjects have been assayed (Figure 6 ). No evidence of diurnal variation was found in either group.
Effect of hypoglycemia and hyperglycemia. No change in plasma HTSH activity was found in either eight normal or five hypothyroid subjects during the induction or recovery from insulin hypoglycemia. Typical responses of plasma glucose and HTSH are shown in Figure 7 . Also shown is the normal plasma growth hormone rej-insuIan 0./ U/Kg v. sponse to hypoglycemia found in these patients. The growth hormone assays were kindly performed by Dr. Mary L. Parker (11) . In the hypothyroid patients, two of the five failed to show the usual growth hormone rise consequent to hypoglycemia (21) . Assays performed during the course of 5-hour glucose tolerance tests in four normal subjects showed no change in plasma HTSH. Effect of thyroid hormones. Plasma HTSH measurements were performed after the acute and chronic administration of various thyroid hormones to both hypothyroid and normal subjects. The administration of a single oral dose of 500 ug L-triiodothyronine to one hypothyroid patient was followed by a rapid fall in plasma HTSH ( Figure  8) ; the lowest HTSH concentration occurred 24 hours after hormone administration, and thereafter plasma HTSH returned toward the initial level. Assays performed with similar frequency after the administration of single oral doses of 12.5 or 100 pg L-triiodothyronine to four other hypothyroid patients revealed no change in plasma HTSH over a 3-day study period. An intravenous dose of 100 ,ug L-thyroxine was also ineffective in reducing plasma HTSH in another hypothyroid patient.
Normal subjects were given 100 ,Lg L-triiodothyronine orally for 4 days.. The ceived 120 mg desiccated thyroid per day. A study performed on a patient who had been receiving 100 mg methimazole for 6 to 7 months was of special interest (Figure 11 ). This patient entered the hospital complaining only of an enlarging goiter; the plasma HTSH was 54 mug per ml and the protein-bound iodine (PBI) 1.1 fig per 100 ml. After discontinuance of the methimazole, the PBI value rapidly rose to the normal range, and plasma HTSH fell within 1 week with the recovery of endogenous thyroid hormone production.
Eight additional hypothyroid patients were studied before and 3 or more weeks after initiation of maintenance desiccated thyroid therapy. Plasma HTSH values, initially elevated, had fallen to within the normal range in all (Table III) .
Discussion
The results obtained with this radioimmunoassay of HTSH attest to its sensitivity and specificity. With the HTSH-131 preparations available, as little as 1.5 mug HTSH per ml plasma was detected. Further increases in sensitivity may be possible by increasing the specific activity of HTSH-Il31 preparations, extraction and concentration of plasma HTSH, or the preparation of anti-HTSH sera of higher binding affinity. With the present assay conditions there was (22) . Several recent reviews have thoroughly covered these problems (9, 23, 24) . When detectable, results of plasma HTSH determinations in normal subjects have varied from as little as 0.001 mU per ml to 1.3 mU per ml in various bioassay systems (24) .
With radioimmunoassay and the same purified HTSH preparation utilized in the present study, Odell, Wilber, and Paul, in a preliminary report (12) , have described values of < 3.0 m/Ag per ml (<.03 mU per ml) in normal subjects. Plasma HTSH concentrations reported herein in normal subjects ranged from undetectable to 15 mpg per ml; in biological units using a potency of 10 IU per mg the upper limit would be 0.15 mU per ml with most values less than 0.1 mU per ml. This is somewhat less than the values found in most of the bioassays. These values are of the order predicted by Greer and Shull (25) on the basis of thyroidal responsiveness to exogenous TSH in humans. Since it is known that the potency of different species TSH may vary depending on the species utilized for assay purposes (26) , comparisons of assay results of human plasma and bovine TSH standard preparations in various test systems may be misleading. For these reasons, we prefer to report results in weight units, recognizing that the absolute numbers may be in error due to impurities present in the HTSH preparation.
Whatever the assay system, elevated plasma HTSH concentrations usually have been found in primary hypothyroidism. This is true for immunoassay results as well. There was no apparent correlation between the plasma HTSH content and the duration or severity of the hypothyroidism. Reduction of elevated plasma HTSH concentrations to normal levels occurred within 7 to 10 days in those patients given moderate daily doses of L-triiodothyronine or desiccated thyroid. Therapy with L-thyroxine required somewhat longer, possibly due to its higher affinity for plasma thyroidbinding proteins and therefore reduced tissue penetration. The fall in plasma HTSH within 4 hours to half the initial level in the hypothyroid patient given 500 pg L-triiodothyronine orally suggests that the plasma half-life of endogenous HTSH is less than 1 to 2 hours. This result may be compared with the finding of an HTSH-I'8' plasma half-life of 39 to 53 minutes after intravenous administration in six normal subjects (27) .
Reduction of plasma HTSH concentration to undetectable levels was found in most normal subjects studied following the administration of 100 ,ug L-triiodothyronine per day for 4 days. These observations confirm studies that have suggested that pituitary HTSH release, as measured indirectly by reduction of thyroidal Il31 uptake, could usually be suppressed by the administration of 75 to 150 Ug L-triiodothyronine per day for 4 to 7 days (28, 29) . The effectiveness of considerably smaller doses and the ineffectiveness of larger doses of L-triiodothyronine in suppressing thyroidal I18i uptake have also been reported (29, 30) .
The finding of undetectable levels of HTSH in most cases of hyperthyroidism is in agreement with current concepts of the etiology of Graves' disease. A long-acting thyroid stimulator (LATS) unresponsive to thyroid hormonal control is frequently found in the plasma of hyperthyroid patients. Many authorities consider this factor to be responsible for the disorder. Attempts to neutralize the biological activity of LATS with antibovine TSH sera have yielded variable re-suits (2, 3). Using anti-HTSH serum, Adams, Kennedy, Purves, and Sirett (5) were unable to block the biological activity of LATS. More recent immunological (31) as well as a number of chromatographic, electrophoretic, and biological studies (20, (32) (33) (34) Plasma from hypothyroid patients and human pituitary extracts produced dose responses identical to that of the purified HTSH preparation. No HTSH was detectable in plasma from various animals, in plasma from hypopituitary patients, in most patients receiving exogenous thyroid therapy, or in bovine or ovine pituitary TSH preparations. HTSH added to plasma could be recovered quantitatively. Plasma HTSH ranged from undetectable to 15 mug per ml (0.15 mU per ml) in euthyroid subjects, measurable activity being found in 55%. Most values were lower than 10 mug per ml (0.1 mU per ml). In 32 patients with primary hypothyroidism, plasma HTSH concentrations ranged from 18 to 180 mpg per ml (0.18 to 1.8 mU per ml). In hyperthyroid patients, plasma HTSH was undetectable in 25 of 34 patients studied.
No change in plasma HTSH followed insulin hypoglycemia or hyperglycemia, and no diurnal variation was found. In all hypothyroid patients studied, the initially elevated plasma HTSH concentrations fell to within the normal range during the course of replacement therapy. In patients in whom assays were performed at frequent intervals, plasma HTSH was reduced to normal after 7 to 10 days of maintenance L-triiodothyronine or desiccated thyroid therapy. The response to L-thyroxine was slower. Oral administration of 500 pg L-triiodothyronine to a hypothyroid patient produced a 50%o fall in plasma HTSH concentration in 4 hours and a maximal reduction in 24 hours.
